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ABSTRACT 

A friction and wear machine has been developed at Springfield Armory 
to simulate the frictional characteristics of reciprocating weapon 
components. The machine was used to evaluate the various factors 
influencing the friction of phosphate coatings. Coefficients of 
friction for the coatings were determined under static and dynamic 
conditions. The following factors influencing the coefficient of 
friction are considered: type of coating, lubrication, loading 
weight, surface roughness, crystalline structure, and velocity. The 
coefficients of friction for manganese phosphate coatings did not 
differ to any practical extent from the coefficients for zinc phos¬ 
phate coatings. Lubrication is a significant factor on the coeffi¬ 
cients of friction for phosphate coatings. The coefficient of 
friction was independent of the applied load. Velocity during 
dynamic testing, surface finish, and crystalline structure influ¬ 
enced the coefficient to a slight degree. Procedure is given, 
and results are discussed. 
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Factoro Influencing Friction of Phosphate Coatings 

OBJECTIVES 

To investigate the various factors influencing the frictional 
behavior of phosphate coatings with the use of Springfield Armory 
reciprocating testing machine. 

SUMMARY OF CONCLUSIONS 

1. The testing apparatus will give adequate reproducibility 
of results. 

2. A slight statistically significant difference was found 
between the mean static coefficient of friction for zinc phosphate 
(.876) and manganese phosphate (.913) coatings when unlubricated. 
This difference of 3 per cent is believed to have no practical 
significance. 

3. Dry phosphate coatings have poor frictional characteristics 
and are not natural lubricants. Lubricated phosphate coatings with 
MIL-L-644 oil reduce the static coefficient of friction to approx¬ 
imately one sixth the value of the dry coating. The mean values are 
.145 for zinc phosphate and .147 for manganese phosphate. 

4. The static coefficient of friction is independent of load. 

5. A comparison of the smooth dry phosphate coatings on a 
vapor-blasted surface with the dry phosphate coatings on a grit-blasted 
surface shows that the static coefficient of friction for the smoother 
surface (.858) is slightly less than for the grit-blast surface (.897). 
However, when the coating with vapor-blasting is oiled, its coefficient 
(.209) is greater than that for the oiled coating with grit blasting 
(.147). 

6. Dry phosphate coatings with very coarse crystalline structures 
have a lower static coefficient of friction (.766) than standard coatings 
with a proper surface preparation (.913). The standard coatings have a 
lower coefficient when lubricated. The standard coatings have a mean 
coefficient of .147 as compared with a mean coefficient of .178 for the 
coarse crystalline '■oatings. 

-1 
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SUMMARY OF CONCLUSIONS - Continued 

7* The maximum dynamic coefficient of friction for lubricated 
phosphate coatings during reciprocating motion approximates the static 
coefficient of friction. The mean static coefficients for lubricated 
zinc and manganese phosphate are .145 and .147, respectively; whereas, 
the mean maximum dynamic coefficients for zinc and manganese phosphate 
are .150 and .153 respectively. 

8. Velocity has an effect on the dynamic coefficient of friction. 
The mean coefficients of friction at maximum velocity during the stroke' 
were less than values at the ends of the stroke. The mean dynamic 
coefficients at maximum velocity were .113 for zinc phosphate and .116 for 
manganese phosphate. 

RECOMMENDATIONS 

1. All phosphate coatings should be lubricated to reduce friction. 

2. As far as frictional properties are concerned, zinc and 
manganese phosphate coatings should be used interchangeably. 

3. The effect of other lubricants on the frictional values of 
phosphate coatings should be studied. 

4. Static coefficients of friction for lubricated phosphate 
coatings should be used to determine the maximum dynamic coefficient 
of friction present in reciprocating motion. 

5. A quantitative study should be made of the relationship of 
velocity to the dynamic coefficient of friction. 

-2- 
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1. INTRODUCTION 

It is easy to misinterpret some coefficients of friction. 
Handbooks list these coefficients for some combinations of 
materials » and a literature search will reveal more. Conditions 
under which the values were obtained are usually not given and 

"when they are, they seldom apply to a specific test condition. 
The quoted value may be in error from 25 per cent to as much as 
200 per cfent.l 

• * 

At present, development and design engineers have only vague 
and meager information concerning frictional and wear properties 
of various coatings for use in designing weapons. The information 
which is available usually has been obtained from small pieces 
sliding on large circular discs under steady state conditions and 
is not necessarily applicable to reciprocating motion. 

A friction-and-wear machine has been developed at Springfield 
Armory to simulate the actual wear of small caliber weapon components 
in motion. The machine reciprocates one block between two stationary 
blocks. This machine is designed to operate under loads from 32.1 
pounds to 417.1 pounds, speeds from 600 r.p.m to 2000 r.p.m., and 
strokes up to approximately 2.5 inches. 

Friction-and-wear considerations are very important in the 
functioning of weapons. For instance, in the M14 rifle, the move¬ 
ment of the bolt sliding on the receiver rails and the operating 
rod assembly sliding on the outside tracks of the receiver are 
examples of phosphate coatings sliding upon phosphate coatings. 
The M85 machine gun has chromium-plated wear components such as the 
slide breechblock and the barrel extension. Aluminum components 
are anodized and hard-anodixed to increase the resistance to wear. 

It has been proposed that measurements of the coatings used in 
weapons be evaluated with the use of Springfield Armory testing 
machine. A guide book for design engineers would be prepared on 
the information compiled. Phosphate, oxide, metallic, and organic 
coatings would be evaluated and the frictional values tabulated. 

This report on the friction-and-wear project is concerned with 
the feasibility of using the friction machine to reproduce results, 
and the static and dynamic coefficients of friction for phosphate 
coatings. The scope of the investigation will include a comparison 
of zinc versus manganese phosphate, dry versus lubricated coatings, 
static coefficients versus dynamic coefficients, and the effect of 
load, surface roughness, and crystallinity on the coefficient of 
friction. The sample blocks used are similar to many standard 
weapon parts insofar as material, hardness, and surface finishing 
are concerned. 

11 m 
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2. MATERIALS AND EQUIPMENT 

a. Springfield Armory Friction-and-Wear Testing Machine 
(Figs. 4 and 5), Dwg. No. SÀ-F-39615. 

b. Friction Blocks (Fig. 6), Material 4340 steel of Rockwell C 
hardness 45 to 50. Each set consists of two 3fl by 2" by 3/811 blocks 
and one 1-1/4M by 1-1/4" by 1/2" block. Dwg. Nos. SA-F-39616 and 
SA-F-39617. 

c. Strain gages - four 120 ohm gages connected as a Wheatstone 
bridge circuit. 

d. Strain gage amplifier - Sanborn Model No. 64-500A with 
control panel Model No. 60-1600. 

e. Recorder - Sanborn Twin - Viso Recorder Model No- 60-1300 

f. Recording Paper - Sanborn 2-channel Permapaper (Fig. 2). 

3. PROCEDURE 

a. Calibration of Friction Machine and Instrumentation 

(1) Normal force 

The normal force equals the load applied to the friction 
blocks. The load may be increased by the addition of 
weights to a tray attached to a lever arm. When no weights 
are added, the load consists of the weight of the upper 
friction block attached to its holder, and the reaction 
of the weight of the lever arm and weight tray applied at 
the point where friction occurs (See Fig. 1). This basic 
load was measured with a force indicator and found to be 
32.1 pounds. 

The lever arm acts as a second-class lever. The total 
length of the arm is 16.5 inches and the distance between 
the point at which the force is applied to the friction 
block and the weight tray is 15 inches. This results in 
a mechanical advantage for the arm of 11-1. Readings on 
the force indicator increased 11 pounds for each 1 pound 
weight on the tray and thus verified this reasoning. 
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PROCEDURE - Continued 

(2) Friction force 

The friction force is calculated from strain measure¬ 
ments obtained by the use of strain gages attached to 
the reciprocating rod which drives the moving friction 
block. In the calibrating of the equipment, this rod 
was placed under tensile and compressive loads with a 
tensile machine. Equal deflections in opposite 
directions on the recorder for similar loads were 
obtained under tensile and compressive conditions. 
A linear relationship between the load and the 
deflection on the recorder was obtained; a 1-millimeter 
deflection corresponds to a 5-pound load. 

(3) Force due to Acceleration 

In reciprocating motion, forces due to acceleration are 
present because velocity is not constant. The rotary 
motion of the motor is changed to rectilinear motion 
by a crank-and-connecting-rod mechanism. A plot of 
velocity versus time for this mechanism gives a curve 
which approximates a sine wave. The maximum velocity 
would be approximately at the mid point of the stroke 
and zero velocity at the extremes of the stroke. The 
acceleration is 90 degrees out of phase with the 
velocity, thus zero acceleration exists at maximum 
velocity and maximum acceleration at the extremes. 

The force due to acceleration was determined easily 
when the machine was operated with the middle block 
alone. Thus, the friction forces were eliminated. 
The acceleration forces were dependent upon the 
length of stroke and the number of revolutions per 
minute of the motor. A short stroke and a low motor 
speed were used so that the effect of acceleration 
could be minimized. The values selected for all 
dynamic tests were a 1-inch stroke and 600 r.p.ra. 
Under these conditions, the maximum recorder 
deflection for one cycle of movement was estimated 
to be only 1 millimeter. 
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PROCEDURE - Continued 

b. Preparation of Test Specimens 

(1) Machining 

The 4340 steel blocks used in the testing were heat 
treated and quenched to a final hardness of Rockwell C 
45 - 50. Final surface grinding produced surfaces 
that were parallel within .0002 inch and gave surface 
roughness values of 4 to 6 microinches (r.m.s.) as 
measured on a profilometer. 

(2) Surface Preparation 

The specimens after degreasing were abrasive blasted 
with steel grit (number 120). An exception to this 
procedure occurred in the surface roughness study 
when two alternate blasting techniques were used. 
A vapor-blast with the use of abrasive number 200 
and a table grit-blast with a mixture of steel grit 
(numbers 50 and 80). No blasting was necessary for 
the coarse crystalline coatings since a 50 per cent 
hydrochloric acid dip was used. 

(3) Phosphating 

The phosphating of the specimens was accomplished 
in a standard laboratory bath. The manganese phos¬ 
phate solution had the following controls: total 
acid 55 - 65 points, free acid 10 - 11 points, and 
iron .1 to .3 per cent. The zinc phosphate solution 
had the following controls: total acid 28 - 30 
points, free acid 4-6 points, and iron .1 to .3 
per cent. The blocks were phosphated for 30 minutes 
in a bath at 205° F. A hot water rinse and a 
chromic acid rinse followed. The lubricated blocks 
were dipped in oil conforming to specification 
MIL-L-644. 

c. Friction Testing 

Proper balancing of the instrumentation was necessary before 
each series of tests. When the blocks were placed in the friction 
machine, some adjustments were necessary to obtain even wear. This 
was accomplished by the adjustment of 8 rollers which control the 
placement of the holder of the upper friction block (Fig. 1). 

-6- 
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PROCEDURE - Continued 

After an adequate wear pattern had been achieved, the 
movable block was pushed back and forth several times to break in 
the coating. Initial friction values are not considered important 
since phosphate coatings usually offer rapid break in qualities. 

Static friction conditions were simulated by pushing the 
movable block by hand back and forth at a slow rate. Weights were 
added to the tray in i-pound increments. The dynamic tests were 
operated at 600 r.p.m. and a 1-inch stroke. The weights were added 
to the tray in 5-pound increments. The total maximum recorder 
deflection for both the static and dynamic testing and the 
corresponding loads were tabulated. Values at the center of the 
stroke were also taken in the case of dynamic runs. 

d. Calculation of the Coefficient of Friction 

The coefficient of friction is determined by dividing the 
friction force by the normal force. The normal force is the basic 
load, 32.1 pounds, plus 11 times the weight applied to the weight 

tray. 

The friction force is calculated from the maximum deflec¬ 
tion on the recorder for one cycle of movement (Fig. 2). In the 
case of the dynamic trials, the deflection value representing the 
force due to acceleration must be subtracted before friction 
calculations. This correction is unnecessary for the mid-stroke 
deflection since, theoretically, the acceleration is zero at this 
point. 

The deflection must be divided by 2 since a compressive 
and a tensile force are applied in the reciprocating motion of the 
block. Also, the deflection must be halved again since two 
separate friction forces are developed in opposing the motion of 
the movable block. One of the friction forces results from the 
contact of the upper stationary block with the upper surface of 
the movable block. A similar condition exists at the lower 
surface of the moving block and the lower stationary block 

(Fig. 1). 

The two friction forces are assumed to be equal. These 
forces differ slightly in that, at the lower surface, the load 
has increased by the weight of the middle block. Since the 
middle movable block weighs only 1/4 pound, this factor is 
neglected. 

-7 



REPORT 
SA-TR18-1084 

PROCEDURE - Continued 

The friction force in pounds thus can be determined by dividing 
the total deflection by 4 and multiplying by the calibration factor 
of 5 pounds per millimeter. 

When high friction forces were present it was necessary to 
change the attenuator on the amplifier from the 1 scale to the 
4 scale. This, in essence, cut the deflection fourfold and increased 
the calibration factor to 20 pounds per millimeter. 

4. RESULTS AND DISCUSSION 

a. Reproducibility of Results 

A reproducibility study was conducted with the use of zinc 
and manganese phosphate coatings in both the dry and the lubricated 
condition. A total of 5 static trials with each trial having 16 
different loads were run for the dry coatings. The lubricated 
coatings had 4 static trials with each trial containing 36 different 
loads. Since load had no apparent effect on the coefficient of 
friction, as shown later, mean values were calculated. 

Standard deviations for the results on each different 
coating were also calculated and are found in Tables I through IV. 
The largest deviation was noted in the results for tests on dry 
manganese phosphate coatings. The deviation from the mean was 
±.049 when the mean coefficient of friction was found to be .913. 
The 95 per cent confidence level for the mean of large samples 
equals 1.96 times the standard deviation. Thus, the confidence 
limits of 95 per cent for the coefficient of friction of dry 
manganese phosphate coatings are approximately .81 and 1.01. 
This indicates adequate reproducibility of the results if the 
possible errors in the experimental method are concerned. The 
probable cause for much of the experimental error is in the reading 
of the recorder deflection. 

A friction study by the Jet Propulsion Laboratory at the 
California Institute of Technology showed a similar degree of 
reproducibility.^ Coefficients of friction near 1.00, found by the 
Jet Propulsion Laboratory, had an estimated standard deviation of 
±.05 and friction coefficients near 0.20 had an approximate devia¬ 
tion of ±.035. 

-8- 
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RESULTS AND DXSCUSSXON • Continued 

The dynamic testing did not yield reproducible results for 
the dry coatings. The high friction forces resulted in galling, and 
erratic results were obtained. 

Results were obtainable for the lubricated phosphate 
coatings under dynamic conditions. The results, however, were not 
as consistent as those for the static tests. For example, the mean 
value of the dynamic coefficient of friction for lubricated manganese 
phosphate was .153 ± .046. The static coefficient of friction for 
the same coating was .147 ± .011. 

k■ Comparison of Zinc versus Manganese Phosphate 

A large amount of data was compiled on zinc and manganese 
phosphate coatings to determine whether a difference exists between 
the two coatings in frictional characteristics. The mean static 
coefficient of friction for dry manganese and dry zinc phosphate 
were .911 and .876, respectively. Lubricated manganese phosphate 
gave a mean coefficient of .147, whereas the lubricated zinc phos¬ 
phate gave .145. The complete data can be found in Tables I 
through IV. 

It is difficult to determine whether there is a significant 
difference between the zinc and manganese phosphate on the basis of 
mean values alone. The "t" test can be used to determine whether the 
mean of one set of values is significantly different statistically 
from the mean of another set. 

With the "t" test as a basis for comparison, the mean 
values for dry zinc phosphate coatings were significantly different 
from dry manganese phosphate coatings. The "t" test indicated that 
dry zinc phosphate coatings had slightly improved frictional properties 
over dry manganese phosphate. The value of t calculated for the dry 
coatings exceeded the table value at the 99 per cent level. Thus, 
there is over a 99 per cent degree of assurance that the mean of the 
zinc phosphate differs from the mean of the manganese phosphate. 

A similar "t" test was made on the lubricated coatings. 
No significant difference between the zinc and manganese phosphate 
coatings in the lubricated state was found. The mean values of the 
dynamic coefficients also substantiated the fact that there is no 
difference between zinc and manganese phosphate when lubricated. 

-9- 
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RESULTS AND DISCUSSION - Continued 

During the static friction testing, the dry manganese phosphate 
coatings powdered more than the dry zinc phosphate coatings. This 
resulted in some bare spots in the coating at the conclusion of the 
test. This possibly was due to the fact that the zinc phosphate was a 

thicker coating. 

Most of both coatings were worn off at the conclusion of the 
dynamic testing. The coefficient of friction did not appear to be 
dependent upon the amount of coating worn off just as long as the 
coating retained a sufficient amount of oil to maintain good lubrica¬ 

tion. 

Lubricated manganese phosphate coatings, during dynamic 
testing, were broken in almost immediately. The zinc phosphate 
coatings generally required 30 seconds to a minute to completely 
break in the coating and give a constant coefficient of friction. 

c. Effect of Load 

The load was varied during the static testing from 32.1 
pounds to 417.1 pounds. This represents pressures from approximately 
50 pounds per square inch to 670 pounds per square inch. In some 
trials, the load appeared to have a slight effect on the coefficient. 
In these instances, however, an increase in load sometimes resulted 
in an increase and sometimes, a decrease in the coefficient. This 
phenomenon was probably due to the fact that the rollers, used to 
align the friction blocks, had a tendency to support a small part 
of the load. It was concluded that the load did not significantly 
affect the coefficient of friction. Tichvinsky has shown that the 
coefficient is independent of load for hard steel gn hard steel and 
nickel on mild steel over a similar range of load. 

During the dynamic tests, the load was varied from 32.1 to 
307.1 pounds. The coefficient of friction did not appear to be 
dependent upon the load except for one load of 197.1 pounds. At 
this particular load, the coefficient was always higher. It is 
believed that this increased value was due to slight tilting of the 
upper friction block which caused uneven wear. Further investiga¬ 
tion Is necessary to determine the exact nature of the high friction 
forces at 197.1 pounds. The friction values at this load were dis¬ 
counted in the determining of the mean dynamic coefficients of 
friction since the probable cause of the discrepancy was of a 

mechanical nature. 

10- 
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d. Effect of Lubrication 

It is evident that phosphate coatings with MIL-L-644 oil 
have vastly improved frictional characteristics over dry coatings. 
Lubrication reduced the static coefficient sixfold from its value 
in the dry state. Goodman has stated in his Laws of Friction for 
Lubricated Surfaces that the coefficient of friction of well-lubricated 
surfaces is from 1/16 to 1/10 that of dry or poorly lubricated 
surfaces.5 This indicates that phosphate coatings are not natural 
lubricants. The advantage is that these coatings act as excellent 
retainers for lubricants and offer fast break-in qualities. 

g• Effect of Surface Roughness 

Three different surface preparations were used prior to 
phosphating. Vapor-blasting with an SÍO2 abrasive (No. 200) produced 
a surface roughness of 14 to 16 raicroinches (r.m.s.). After phos¬ 
phating, the roughness was raised to 30 to 32 microinches (r.m.s.). 
Grit-blasting with steel grit (No. 120) gave profilometer readings 
of 55 to 65 microinches, whereas grit blasting with a mixture of 
numbers 50 and 80 gave readings of 60 to 70 microinches. The 
surface roughness readings after phosphating for the different 
grit-blasted surfaces, however, were the same (50-60 microinches 
r.m.s.). 

The static coefficient of friction did not vary between 
the grit blasted samples. These data can be found in Table V. 
The smoother phosphate surface produced by vapor-blasting did 
slightly lower the coefficient for dry coatings. The mean 
coefficient was »858 as compared with .897 and .899 for the 
grit-blasted surfaces. This difference was proved to be statis¬ 
tically significant with the use of the "t" test. 

The results for smooth phosphate coatings in the lubri¬ 
cated state can be found in Table VI. Comparison of the results 
in this table with those of Table III shows that the coefficient 
has increased for the smoother surface. This possibly indicates 
that a smoother phosphate coating is not completely effective as 
a retainer for lubricants. 

-11- 
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RESULTS AMD DISCUSSION - Continued 

f. Effect of Crystalline Structure 

Coarse crystalline manganese phosphate coatings were obtained 
by using a 50 per cent hydrochloric acid dip before phosphating instead 
of blasting. The static coefficients for these coatings can be found 
in Table VII. Comparison of the coarse crystalline coatings with the 
values of the standard coatings in Tables I and III showed that the 
dry crystalline coatings exhibited better frictional characteristics 
than the standard coatings. The dry coarse crystalline coating is 
harder and more brittle than a normal phosphate coating, thus peaks 
are easily fractured and less resistance to sliding is present. 

In the lubricated state, however, the coarse coatings had a 
higher mean coefficient than the standard manganese phosphate coatings. 
These data appear to contradict the results discussed in the previous 
section since the smoother coatings also had a higher mean coefficient. 
This leads one to believe that an optimum crystal size or roughness 
exists for the lubricated phosphate coating naving the best frictional 

characteristics. 

g. Comparison of Static and Dynamic Coefficients 

Tables of friction coefficients found in atandard compila¬ 
tions generally show that the static coefficients are approximately 
40 per cent greater than the dynamic coefficients. A comparison of 
the static and dynamic coefficients found in Tables III, IV, VIII 
and IX shows that the mean dynamic coefficients approximate the 
mean static coefficients. The mean static coefficients for zinc and 
manganese phosphate are .145 and .147, respectively, whereas the 
mean maximum dynamic coefficients for zinc and manganese phosphate 

are .150 and .153, respectively. 

Rabinowicz states that for some sliding combinations 
there is no difference between the static and the dynamic 
coefficients. Some movement of a stationary system will occur, 
even on application of a value of the friction force smaller than 
that corresponding to the dynamic coefficient. In essence, the 
breakaway coefficient equals the dynamic coefficient for the 
initial sliding speed. Lubricated phosphate coatings appear to 

be surfaces that behave in this manner. 

-12- 
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RESULTS AND DISCUSSION - Continued 

During the dynamic testing, the recording paper speed was 
increased. This increased speed made it possible to record the 
change in friction force with velocity for the reciprocating move¬ 
ment. It was noticed that the friction force at low loads appeared 
to reach a minimum value at the center of a stroke, the point at 
which velocity is a maximum (Pig. 3). At high loads, the recordings 
showed the friction force to be a maximum at one end óf the stroke 
and a minimum at the other end. The maximum friction force for the 
load with apparent uneven wear occurred at the middle of the stroke. 
Further investigation is necessary to determine whether these 
differences are due to mechanical alignment of the friction blocks 
or actually frictional phenomenon. 

Coefficients of friction were determined from the mid 
stroke deflections. The mean coefficient for zinc phosphate was 
.113 and for manganese phosphate .116. These values indicate that 
the dynamic coefficient is dependent upon velocity. 

-13- 
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